The yfdXWUVE operon appears to encode proteins that enhance the ability of Escherichia coli MG1655 to survive under acidic conditions. Although the molecular mechanisms underlying this phenotypic behavior remain to be elucidated, findings from structural genomic studies have shown that the structure of YfdW, the protein encoded by the yfdW gene, is homologous to that of the enzyme that mediates oxalate catabolism in the obligate anaerobe Oxalobacter formigenes, O. formigenes formyl coenzyme A transferase (FRC). We now report the first detailed examination of the steady-state kinetic behavior and substrate specificity of recombinant, wild-type YfdW. Our studies confirm that YfdW is a formyl coenzyme A (formyl-CoA) transferase, and YfdW appears to be more stringent than the corresponding enzyme (FRC) in Oxalobacter in employing formyl-CoA and oxalate as substrates. We also report the effects of replacing Trp-48 in the FRC active site with the glutamine residue that occupies an equivalent position in the E. coli protein. The results of these experiments show that Trp-48 precludes oxalate binding to a site that mediates substrate inhibition for YfdW. In addition, the replacement of Trp-48 by Gln-48 yields an FRC variant for which oxalate-dependent substrate inhibition is modified to resemble that seen for YfdW. Our findings illustrate the utility of structural homology in assigning enzyme function and raise the question of whether oxalate catabolism takes place in E. coli upon the up-regulation of the yfdXWUVE operon under acidic conditions.
With the completion of genome sequences for several strains of Escherichia coli (6, 27, 45, 61) , attention has turned to the annotation of proteins encoded by specific genes of unknown function (56) . Deletion studies have shown that the yfdXWUVE operon, in which the yfdX gene is under the control of the EvgAS regulatory system (40) , encodes proteins that enhance the ability of E. coli MG1655 to survive under acidic conditions (41) . Although the molecular mechanisms underlying this phenotypic behavior remain to be elucidated, the proteins encoded by the yfdW and yfdU genes in this operon (YfdW and YfdU, respectively) are homologous to proteins present in the obligate anaerobe Oxalobacter formigenes (53) , O. formigenes formyl coenzyme A transferase (FRC) (2, 30, 46) and oxalyl coenzyme A (oxalyl-CoA) decarboxylase (3, 5) . We note that FRC and oxalyl-CoA decarboxylase are essential for the survival of Oxalobacter in that they mediate the conversion of oxalate into formate and CO 2 in a coupled catalytic cycle (Fig.  1 ). In combination with an oxalate-formate antiporter (OxlT) (29, 60) , this cycle is thought to maintain the electrochemical and pH gradients needed for ATP synthesis (1, 35) . It has therefore been proposed previously that (i) YfdW catalyzes the conversion of oxalate into oxalyl-CoA by using formyl-CoA as a donor and (ii) the YfdU protein mediates oxalyl-CoA decarboxylation (26) . High-resolution X-ray crystallography supports the likely functional similarity of FRC and YfdW in that the two proteins adopt the same unusual interlocked, catalytically active dimer ( Fig. 2) (24, 26, 46) despite having only 61% sequence identity (Fig. 3) . On the other hand, the ability of E. coli to metabolize oxalate into formate and CO 2 does not seem to have been systematically characterized, and the relevance of this activity to survival under conditions of low pH remains to be established (20) .
We now report the first detailed examination of the steadystate kinetic behavior and substrate specificity of recombinant, wild-type YfdW. Our studies confirm that YfdW is a formylCoA transferase, and YfdW appears to be more stringent than the corresponding enzyme (FRC) in Oxalobacter in employing formyl-CoA and oxalate as substrates. Given the difference in substrate specificity of the two homologous enzymes, even though the residues defining the active sites are highly conserved (Fig. 4) , we have examined the effects of replacing Trp-48 in FRC with the glutamine residue that occupies an equivalent position in the E. coli sequence. The replacement of Trp-48 by Gln-48 yields an FRC variant for which oxalatedependent substrate inhibition is modified to resemble that seen for YfdW. Our findings illustrate the utility of structural homology in assigning enzyme function and raise the question of whether oxalate catabolism takes place in E. coli upon the up-regulation of the yfdXWUVE operon under acidic conditions.
MATERIALS AND METHODS

Materials.
Unless otherwise stated, all chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Pittsburgh, PA) and were of the highest available purity. Recombinant, wild-type FRC was expressed and purified by following procedures described in the literature (46) . Protein concentrations were determined using a modified Bradford assay (Pierce, Rockford, IL) (8) for which standard curves were constructed with bovine serum albumin as previously reported (30) or the Edelhoch method (22) . PCR primers were obtained from Integrated DNA Technologies, Inc. (Coralville, IA), and DNA sequencing was performed by the DNA Sequencing Core of the Interdisciplinary Center for Biotechnology Research at the University of Florida, Gainesville. Formyl-CoA and oxalyl-CoA were prepared as described elsewhere (30) .
Expression and purification of His-tagged YfdW. The subcloning and expression of the yfdW gene have been described in detail elsewhere (54, 59) . Briefly, the yfdW gene was PCR amplified from the genomic DNA of E. coli K-12 and subcloned into the pDest17 vector by using Gateway technology (Invitrogen, Carlsbad, CA). Protein production was carried out with the Tuner(DE3)pLysS strain of E. coli, and the His-tagged YfdW protein was purified by metal affinity chromatography and subsequent gel filtration on a Superdex 200 column, eluting with 5 mM HEPES buffer containing 150 mM NaCl, pH 7.5.
Expression and purification of His-tagged FRC. The gene encoding FRC (50) was cloned into the pET-28b vector (Novagen, San Diego, CA) so as to introduce a His tag with a 10-amino-acid linker at the N terminus of the recombinant protein. BL21(DE3) competent cells were transformed with the resulting construct, and protein expression was induced by the addition of IPTG (isopropyl-␤-D-thiogalactopyranoside) at an optical density at 600 nm of 0.6. After being harvested and pelleted by centrifugation at 5,000 ϫ g for 15 min, the cells were resuspended in lysis buffer (50 mM potassium phosphate, pH 7.2, containing 300 mM NaCl, 10 mM imidazole, and 1 mM ␤-mercaptoethanol) and sonicated. Cell debris was removed by centrifugation at 10,000 ϫ g for 15 min, and the supernatant was loaded onto a 0.5-ml Ni-nitrilotriacetic acid column (Novagen) equilibrated with lysis buffer at 4°C. The column was washed with lysis buffer containing 50 mM imidazole, and His-FRC was eluted (in five 0.5-ml volumes) with elution buffer (50 mM potassium phosphate, pH 7.2, containing 300 mM NaCl and 250 mM imidazole). Size exclusion chromatography on a Sephadex G-25 column (30 ml) equilibrated with storage buffer (25 mM sodium phosphate, pH 6.7, 300 mM NaCl, and 1 mM dithiothreitol) removed the imidazole, and the purified protein was stored at Ϫ80°C in 10% glycerol.
Expression and purification of FRC variants. The expression and purification of wild-type FRC and the W48F and W48Q FRC variants lacking the N-terminal histidine tag were performed by following procedures described in the literature (30, 46) . Steady-state kinetic assays. All kinetic measurements were performed using a high-performance liquid chromatography (HPLC)-based assay, as reported in previous studies of FRC (30, 46) . For measurements of YfdW-catalyzed CoA transfer, assay mixtures consisted of YfdW (54 ng) and the carboxylic acid acceptor in 100 mM potassium phosphate, pH 6.7 (total volume, 100 l). The concentrations of free CoA in all samples were normalized to those of free CoA present as a contaminant in the assay mixtures containing the largest amounts of formyl-CoA; i.e., free CoA was added to solutions in which formyl-CoA was at low initial concentrations so that all reaction mixtures contained identical concentrations of free CoA. After the incubation of each solution at 30°C, the reaction was initiated by the addition of formyl-CoA. An aliquot (90 l) was taken after 60 s, and the reaction was quenched by the addition of aqueous acetic acid to a concentration of 20% (10 l). In separate control experiments, a series of smaller aliquots were taken and product formation was observed to be linear over a period of 60 s. The amount of the appropriate thioester product was then determined by the injection of the samples onto a C 18 analytical column (Dynamax Microsorb 60-8 C 18 250-by-4.6-mm reverse-phase analytical column) equilibrated with 86% buffer A (25 mM sodium acetate, pH 4.5) and 14% buffer B (buffer A containing 20% CH 3 CN) at a flow rate of 1 ml/min. Immediately after injection, the proportion of buffer B was increased to 6% over 210 s and then to 100% for 90 s before the elution using 98% buffer A and 2% buffer B. CoA-containing species were observed by monitoring the absorbance at 260 nm, and their concentrations were determined by integrating the peak areas and comparing them with those for known amounts of authentic material. These measurements were calibrated using (i) independent determinations of formylCoA concentrations by a hydroxylamine-based colorimetric assay (51) and (ii) the oxalate concentrations in hydrolyzed and nonhydrolyzed samples of oxalylCoA as measured with a standard detection kit (Sigma). No formation of CoA ester products in control experiments was observed when the enzyme or either substrate was omitted from the mixture.
In kinetic assays of FRC, His-tagged FRC, and the two FRC variant enzymes, a similar HPLC-based procedure was followed, except that assay mixtures contained either FRC (41 ng), the W48F variant (41 ng), the W48Q variant (43 ng), or His-tagged FRC (46 ng). Reactions were quenched with 10% aqueous acetic acid (10 l), and aliquots were eluted initially with 96% buffer A (25 mM sodium acetate, pH 4.5) and 4% buffer B (buffer A containing 40% CH 3 CN) at a flow rate of 1 ml/min. The amount of buffer B was then increased to 11% over 210 s and then to 100% for 90 s, after which it was returned to 4%.
Determination of steady-state kinetic constants. Kinetic constants were obtained by curve fitting to the following equations for sequential bi-bi kinetics (equation 1), substrate inhibition (equation 2), competitive inhibition (equation 3), and mixed-type inhibition (equation 4) (12):
In these equations, is the velocity, K ia , K mA , and K mB represent the dissociation constant of the first substrate to bind to the enzyme (formyl-CoA) and the K m values for formyl-CoA (A) and oxalate (B), respectively, K iS is the substrate inhibition constant of oxalate, S is the substrate, and K ic and K in are the inhibition (48), and E. coli crotonobetainyl-CoA-carnitine CoA transferase (CaiB; Protein Data Bank accession number 1xa3) (52) . ␣-Helical and ␤-strand secondary structural elements are colored orange and blue, respectively, and specific residues discussed in the text are highlighted. Asterisks indicate residues identical in all four transferases.
constants for competitive and noncompetitive mechanisms, respectively. Patterns of intersecting lines in double-reciprocal plots (see the supplemental material) were used to ascertain the mode of inhibition and, hence, the correct equations for use in evaluating the inhibition constants (12, 49) . K ic and K in and the formyl-CoA K m were determined by fitting initial velocity plots of CoA inhibition directly with the Michaelis-Menten equation for competitive (equation 3) or mixed-type (equation 4) inhibition. K m values for oxalate and succinate and K ia could then be determined by fitting initial velocity plots using an ordered bi-bi equation when the concentration of the second substrate (oxalate or succinate) was varied (equation 1). In the case of YfdW, attaining saturating formyl-CoA concentrations proved to be impractical. In this case, apparent K m and V max values for either oxalate or succinate were obtained by fitting to the initial velocity plots at different fixed formyl-CoA concentrations and various concentrations of the appropriate acid acceptor. Linear fits to the replots of (K m /V max ) app and (1/V max ) app against [formyl-CoA] were then used to estimate K m and K ia (49) . All curve fitting was performed with KaleidaGraph 3.5 (Synergy Software, Reading, PA).
Determination of the specific activity of FRC and YfdW with alternate substrates. The specific activities of FRC with alternate substrates were determined by incubating 8.8 nM enzyme (83 ng of FRC in 200 l) in 60 mM potassium phosphate, pH 6.7, a 125 mM concentration of the CoA acceptor, and an 80 M concentration of the CoA donor at 30°C. In the case of YfdW, 11.2 nM (108 ng of YfdW in 200 l) was used with a 75 mM concentration of the acceptor and a 350 M concentration of the CoA donor. Specific activities for YfdW with succinate or oxalate were determined from initial velocity experiments. Substrates were regarded as having no activity when no products were detected in reactions that were run for 60 min.
Crystallization and structure determination for the W48F and W48Q FRC variants. The crystallization of the FRC variants was performed by the vapor diffusion method in 24-well plates where hanging drops of 2 l of protein solution and 2 l of a well solution were set up to equilibrate against 1 ml of the well solution at 293 K. A protein solution containing 7.5 mg of the desired variant/ml in 50 mM MES [2-(N-morpholino)ethanesulfonic acid] buffer, pH 6.2, with the addition of 10% glycerol was used in screening for optimal conditions for crystallization. The W48Q variant of FRC was crystallized against a well solution of 1.35 M sodium citrate and 0.1 M HEPES buffer, pH 7.2 to 7.4, resulting in crystals of the monoclinic space group C2. These crystals were protected in a cryosolution of 3 parts of the well solution mixed with 1 part of 100% ethylene glycol before being flash frozen in liquid nitrogen. For the W48F FRC variant, a well solution of 1.9 M malic acid, pH 7.0, gave crystals belonging to the tetragonal space group I4. The crystallization drops containing the W48F variant were covered in silicon oil, through which the crystals were dragged before being flash frozen. X-ray data were collected in a nitrogen stream at the beamlines ID14 eh1 and ID23 eh2 at the European Synchrotron Research Facility, Grenoble, France. All crystallographic data were processed with MOSFLM (38), followed by SCALA of the CCP4 program suite (13) . The structure of the apoenzyme (Protein Data Bank accession number 1p5h) (46) was used to retrieve the phases by molecular replacement using the program MOLREP (58) . Refinement was carried out with REFMAC (43), and manual model building was performed in COOT (18) , where water molecules were assigned and the structures were validated. The stereochemistry of the structures was checked with PROCHECK (36) . Statistics for the FRC W48F and W48Q variants are given in Table 1 .
Protein structure accession numbers. Coordinates and structure factors for the FRC W48F and W48Q variants have been deposited in the Protein Data Bank with accession numbers 2VJP and 2VJQ, respectively.
RESULTS
Kinetic characterization of YfdW. Our initial experiments examined whether E. coli YfdW could catalyze the synthesis of oxalyl-CoA from formyl-CoA and oxalate, as inferred on the basis of structural genomics (24, 26) . Incubating formyl-CoA and oxalate with YfdW in phosphate buffer, pH 6.7, did indeed result in the appearance of oxalyl-CoA, and the amount of this product could be quantified by direct HPLC measurement (Fig. 5) . The analysis of initial rate data by standard fitting methods (12) gave a value of 510 Ϯ 30 M for the apparent K m of oxalate, almost an order of magnitude less than the cognate parameter determined for this substrate in the FRC-catalyzed reaction (3.9 Ϯ 0.3 mM) (46) . The variation of oxalate concentrations at different fixed concentrations of formyl-CoA gave intersecting lines in the Lineweaver-Burk plot (see Fig. S1 in the supplemental material), suggesting an ordered bi-bi sequential kinetic mechanism, as reported previously for FRC FIG. 4 . Comparison of the active-site residues in YfdW (cyan) and FRC (white). Conserved residues are indicated by a one-letter code for amino acids. For positions where amino acids differ, the first letter refers to the residue present in YfdW. (30) . The evaluation of steady-state kinetic parameters for formyl-CoA in the YfdW-catalyzed reaction was, however, complicated by the presence of 10% free CoA in this substrate as a result of the procedures used to remove a 2Ј-phosphorylated isomer of this compound, which exhibited a slightly longer retention time than formyl-CoA upon reverse-phase HPLC (Fig. 5) . The contamination of the commercially available CoA used in the synthesis of formyl-CoA (30) has been reported previously in studies of enzymes for which malonylCoA (42) and ␤-hydroxybutyryl-CoA (9) are substrates. The extent to which free CoA inhibited YfdW activity was assessed using standard kinetic methods, and inspection of the doublereciprocal plot showed mixed-type inhibition of formyl-CoA (see Fig. S2 (Table 2 ). Given the presence of a polyhistidine tag at the N terminus of YfdW, a similarly tagged variant of FRC was prepared and its steady-state kinetic parameters were measured using the HPLC-based end point assay (see Fig. S3 in the supplemental material). The results of these experiments showed that the observed difference in k cat values for YfdW and FRC (Table 2 ) cannot be attributed to this structural modification.
The crystallographic observation of a YfdW-acetyl-CoAoxalate ternary complex (26) suggested that YfdW may be inhibited by acetyl-CoA, and we therefore assayed the steadystate kinetic behavior of the enzyme in the presence of this compound (see Fig. S4 in the supplemental material). As in our earlier experiments, the concentration of free CoA was maintained at a fixed value (52 M) as that of formyl-CoA was varied. Given that acetyl-CoA binds to the CoA site in the YfdW crystal structure (26), we assumed that acetyl-CoA and CoA were mutually exclusive inhibitors at a given active site. This property permitted the separation of their contributions to the overall rate equation (19) , and acetyl-CoA proved to be a noncompetitive inhibitor of formyl-CoA, with a K in value of 94 Ϯ 2 M. In contrast, acetyl-CoA is a competitive inhibitor of FRC with respect to formyl-CoA, exhibiting a K ic value of 56 Ϯ 6 M at a fixed CoA concentration of 1.5 M (see to elucidate the substrate specificity of the enzyme (see Table  S1 in the supplemental material). YfdW showed high levels of substrate specificity, being unable to catalyze CoA transfer from formyl-CoA to acetate, maleate, or glutarate. Given that malonyl-CoA and succinyl-CoA are known metabolic intermediates in E. coli, however, we assayed whether either of these diacids could function as a substrate. In the case of malonate, YfdW exhibited very low specific activity (0.01%) with formylCoA as the donor. Control experiments were also performed to ensure that any malonyl-CoA formed did not undergo extensive uncatalyzed decarboxylation under the conditions. Acetyl-CoA formation was also below the detection limits of the HPLC-based assay when the enzyme was incubated with formyl-CoA and malonate. In contrast, when succinate was used as an acceptor, succinyl-CoA was formed, albeit with a low specific activity (4%) relative to that observed for oxalate with formyl-CoA. A complete determination of the steadystate kinetic parameters for the YfdW-catalyzed conversion of succinate into succinyl-CoA was therefore performed to evaluate the substrate specificity of the enzyme (see Fig. S6 in the supplemental material). These studies gave 80 Ϯ 40 mM as the apparent K m of succinate and a turnover number of only 5.3 Ϯ 0.4 s Ϫ1 when formyl-CoA was employed as a donor. In contrast to our observations on YfdW, succinate was an excellent substrate for FRC, the specificity constant being two orders of magnitude greater for this substrate than for oxalate with formyl-CoA as a donor (Table 3) . In a similar manner, we observed that FRC could employ succinyl-CoA as an alternate CoA donor for the synthesis of formyl-and oxalyl-CoA (see Table S1 in the supplemental material). The specific activity of FRC with malonate and formyl-CoA as substrates was also substantially lower (0.1%) than that observed when oxalate was present as the CoA acceptor. No products were detected in the HPLC-based assay when malonyl-CoA was used as a substrate with either formate or oxalate.
Kinetic and structural characterization of the W48F and W48Q FRC variants. The extent to which active-site residues must be modified in order to change the substrate specificities of enzymes remains an interesting problem in enzyme evolution (23, 44, 55) , and its resolution has important implications for efforts to redesign biological catalysts for biotechnological applications (11, 31) . The active sites of FRC and YfdW, however, are composed of conserved residues, making it difficult to understand (i) the observed differences in substrate specificity and (ii) the ability of oxalate to exhibit substrate inhibition only in the case of YfdW. Structural studies of FRC had, however, revealed the importance of a tetraglycine segment in stabilizing a putative reaction intermediate (30) , and conformational changes in this loop appeared to be correlated with the orientation of the Trp-48 side chain in FRC (46) . Superimposition of the crystal structures for the two CoA transferases showed that this tryptophan residue was replaced by glutamine in YfdW (Fig. 4) . Moreover, for YfdW, an oxalate molecule was seen to bind to a closed conformation of this tetraglycine loop (corresponding to residues 246 GGGGQ 250 in YfdW), although the observed glutamine side chain rotamer was the same as that seen for Trp-48 in FRC when the cognate loop segment was in its open conformation (46) . We therefore investigated whether site-specific mutagenesis of Trp-48 in FRC might yield variant enzymes exhibiting modified kinetic behavior that was similar to that determined for YfdW. Two variants in which Trp-48 was replaced by phenylalanine (W48F) and glutamine (W48Q) were prepared and characterized under steady-state conditions. Relatively little change in the specificity constants (k cat /K m ) of the two FRC variant enzymes for formyl-CoA and oxalate compared with those of the wild-type enzyme was evident (Table 2) . Perhaps more importantly, the W48Q FRC variant exhibited substrate inhibition with oxalate, having a K i value of 74 mM (Fig. 6, lower panel) , as observed for YfdW. In contrast, the W48F FRC variant was not inhibited by oxalate at concentrations of up to 154 mM, suggesting that hydrogen bonding to the Gln-48 side chain is an essential element for the interaction of this substrate with the site, as suggested by the YfdW-acetyl-CoA-oxalate crystal structure (26) .
So as to understand the structural effects of changing the tryptophan residue in more detail, we obtained the crystal structures of the two FRC variants. Neither the W48Q nor the W48F FRC variant displayed any major structural changes compared to wild-type FRC, with the root mean square deviation of the C ␣ atoms being 0.2 to 0.3 Å 2 and 0.6 to 0.7 Å 2 relative to subunit A and subunit B of apo-FRC, respectively. In both variant enzymes, the tetraglycine loop (corresponding to residues 258 GGGGQ 262 in FRC) was seen to adopt a closed conformation (46) . In wild-type FRC, a 90 o reorientation of the Trp-48 side chain seems to be important in controlling the tetraglycine loop conformation. This flipping of the indole moiety is accompanied by the repositioning of Met-44 when the loop adopts its open conformation. For YfdW, in which a glutamine residue (Gln-48) replaces tryptophan, however, oxalate can bind to the tetraglycine loop in the closed conformation, even though Gln-48 adopts the rotamer conformation corresponding to that of Trp-48 in FRC when the cognate loop is open. A comparison of the YfdW and W48Q FRC variant structures showed that Gln-48 in W48Q, in the absence of oxalate, does not take the side chain rotamer conformation seen for the cognate residue in YfdW, presumably because of the proximal methionine residue (Met-44) (Fig. 7) . For the W48Q FRC variant to bind oxalate in the site with the tetraglycine loop in a closed conformation, Gln-48 and Met-44 would both have to change the rotamer conformation. In YfdW, the methionine position is occupied by a smaller valine residue.
DISCUSSION
These experiments clearly demonstrate that YfdW is a formyl-CoA:oxalate CoA transferase, as anticipated on the basis of its sequence and structural similarity to FRC (26) . Although this may seem to be an obvious finding, recent studies have shown that assigning enzyme function on the basis of sequence similarity can often lead to misannotation in metabolic databases (47) . Moreover, the location of the gene encoding a CoA transferase in an operon that confers resistance to acidic environments seems, at first sight, unexpected. A further interesting outcome of these biochemical studies concerns the high level of substrate specificity that is exhibited by YfdW. Thus, despite considerable efforts to identify other CoA acceptors and donors, only formyl-CoA and oxalate (and equivalently, oxalyl-CoA and formate) seem to be substrates for the enzyme. YfdW can therefore mediate oxalate catabolism in E. coli without affecting cellular succinyl-CoA levels. This observation stands in sharp contrast to the kinetic behavior of the Oxalobacter enzyme, for which succinate is a better CoA acceptor than oxalate when formyl-CoA is employed as a donor (Table 3 ). In light of the importance of oxalate as an energy source for O. formigenes (1), the ability of FRC to synthesize succinyl-CoA is unexpected because this enzymecatalyzed reaction removes a molecule of formyl-CoA, thereby breaking the catalytic cycle (Fig. 1) . On the other hand, this side activity of FRC may be one mechanism by which Oxalobacter can use oxalate in the biosynthesis of other carboncontaining compounds, given that succinyl-CoA is a key component of lysine biosynthesis and other biosynthetic pathways (25) . The presence of succinate in the cytoplasm of Oxalobacter is suggested by studies that have shown the presence of succinate dehydrogenase, fumarase, and malate dehydrogenase, which can be employed to interconvert oxaloacetate and succinate in the latter part of the citric acid cycle (14, 15).
YfdW is inhibited by a variety of components, including acetyl-CoA, free CoA, and oxalate. On the basis of previous work on O. formigenes (30), we anticipated that CoA derivatives would compete with formyl-CoA for the free enzyme. Acetyl-CoA and free CoA are noncompetitive and mixed-type inhibitors, however, with respect to both formyl-CoA and oxalate. Hence, it seems that both these compounds can bind to YfdW-substrate complexes that are formed during catalytic turnover. The simplest explanation for such kinetic behavior is that the two active sites in the YfdW dimer can communicate so that only a single active site can catalyze the reaction at a given time ("half-sites" reactivity) (34) . As a result, if CoA derivatives bind to a free CoA site in a YfdW-substrate complex (or a catalytic intermediate), then YfdW undergoes a conformational change that precludes the formation of critical intermediates (4, 30) or product release at the other site. A more interesting observation was that YfdW is inhibited by elevated levels of oxalate, a kinetic behavior that is not seen for FRC. This inhibition was hypothesized to arise from oxalate binding at a second nonproductive site defined (in part) by the Gln-48 side chain in YfdW. Such binding is precluded by the presence of a tryptophan residue in FRC, and the replacement of Trp-48 by glutamine to give the W48Q FRC variant yields an enzyme for which oxalate inhibition is observed. Hence, it seems that replacing the indole side chain by that of glutamine opens a hole in the FRC active site into which oxalate can bind in a nonproductive conformation. This mutation also results in altered conformational preferences of a tetraglycine loop that is known to be important for catalytic function (4, 30, 46) , implying that altered active-site dynamic motions may play a role in modulating kinetic properties (7, 17) . The high K i de- ) with the open conformation of the tetraglycine loop, the YfdW-acetyl-CoA-oxalate ternary complex with the tetraglycine loop in its closed conformation (blue), and the W48Q FRC variant with the tetraglycine loop in its closed conformation (pink). In both panels, the catalytic residue, Asp-169, and side chains important in controlling the conformational properties of the tetraglycine loop are displayed as stick models. Met-44 in the W48Q FRC variant is modeled in two conformations, and the carbonyl group of acetyl-CoA also adopts two conformations in the structure of the YfdW-acetyl-CoA-oxalate ternary complex (18) .
termined for oxalate in YfdW inhibition seems to preclude any physiological importance for this behavior.
With the identification of YfdW as a formyl-CoA:oxalate CoA transferase, questions are raised concerning the extent and importance of oxalate-related metabolism in E. coli (37) , especially because our work bolsters the assignment of YfdU as a thiamine-dependent oxalyl-CoA decarboxylase. Although E. coli has been implicated in the biomineralization processes leading to the formation of calcium oxalate crystals (10), recent measurements suggest that E. coli does not degrade oxalate in media containing this compound at a 5 mM concentration (57) . The experiments, however, did not systematically vary the incubation conditions, and so it is possible that conditions under which E. coli can metabolize exogenous oxalate exist. On this point, we note that YhjX has been annotated as a possible formate-oxalate antiporter based on 25% sequence identity to O. formigenes OxlT, which has been extensively characterized previously (29, 60) . More work is therefore needed to establish if E. coli can mediate oxalate degradation, especially in low-pH environments. It is interesting that the coupled action of YfdW and YfdU results in the consumption of a proton, as employed in the AR2 and AR3 mechanisms of acid resistance mediated by the pyridoxal phosphate-dependent enzymes glutamate decarboxylase and arginine decarboxylase (20) . Thus, the results of the studies reported herein raise the question of whether oxalate catabolism in E. coli can take place upon the upregulation of the yfdXWUVE operon under conditions of low pH.
